The hippocampal formation is crucially involved in memory formation, consolidation and retrieval. In all three processes, however, it acts, not in isolation, but in interplay with other brain regions that are involved in the current memory task [1, 2] . These cortical and subcortical areas are contacted by the hippocampus via two major output streams, one originating in area CA1 and another in the subiculum, one synapse downstream. Whereas the importance of CA1 in memory formation has been extensively investigated, the subiculum has received only little attention. Cells in CA1 fire action potentials when an animal is located within confined regions of an environment known as place fields [3] . Spatially confined firing in such place cells can be elicited by sensory inputs or by memory [4] . Place-field-like firing patterns can also be observed in the subiculum [5] ; however, subicular place fields are less confined, are often elongated along walls, and the cells have high firing rates outside their place fields, seemingly unrelated to space [6, 7] .
On a broader scale, the subiculum has been speculated to have a role in consolidation of memory [8] , and human brain imaging (fMRI) studies have shown increased subicular activity during memory recall [9, 10] . However, neither its importance in consolidation nor its function during retrieval have been causally tested in vivo. From the few in vivo experiments performed, it has not been apparent that subiculum serves a different function from CA1, because rats with lesions restricted to either ones of these areas show comparable impairments in spatial memory acquisition [11] and retrieval [12] . Now, a new study by Roy et al. [13] suggests that the CA1 and subiculum serve complementary roles, with the direct CA1-cortical projection supporting memory formation, and the subicularcortical projection being more involved in retrieval.
To dissociate memory functions of CA1 and subiculum, Roy et al. [13] first created a mouse line expressing Cre recombinase under the promoter for the Fibronectin 1 gene, which had previously been shown to be expressed almost exclusively in the dorsal subiculum (dSub) [14] . Using monosynaptic rabies virus tracing and histological studies, the authors confirmed that the Cre positive cells are innervated by the commonly known inputs to the dSub [15] , and that they express markers for excitatory and not inhibitory neurons.
Next, using Cre dependent viral vectors to express light driven ion pumps, Roy et al. [13] optogenetically inhibited or excited the Cre positive cells during different phases of a contextual fear conditioning task. Contextual fear conditioning is a learning paradigm that is composed of two phases: a training phase, in which an animal is placed in an environmental context where, after a short period of habituation, it receives one or a few mild footshocks; and a recall or retrieval phase, during which the animal is placed in the same context again, but without receiving footshocks [16] . The proportion of time the animal freezes during the retrieval phase serves as a measure of how well the animal remembers the association between the aversive shock and the context. When Roy et al. [13] optogenetically inhibited the subicular neurons during the training phase, they found no effect on freezing levels during subsequent retrieval, whereas inhibiting the cells during the retrieval phase reduced the relative amount of freezing significantly. This suggests that the dSub has little involvement in contextual memory formation, and may instead be more involved in memory retrieval.
As the subiculum is the major output stream of the hippocampal formation, its role in memory retrieval could be mediated by one or several of its downstream target regions. To investigate the circuit more carefully, Roy et al. [13] went on to optogenetically inhibit or stimulate synaptic terminals of subicular neurons in two downstream regions, the medial entorhinal cortex (MEC) and the subcortical mammillary nucleus. Inhibiting subicular synapses in MEC during the retrieval phase again reduced the freezing response of the animals, whereas activation of the same terminals increased the freezing response. In contrast, when subicular synapses were inhibited in the mammillary nucleus, the freezing response was unaffected. This suggests that the pathway to MEC but not that to the mammillary nucleus is important during retrieval of context memory (Figure 1, green arrow) .
But how task-specific is this involvement? To investigate whether dSub supports memory retrieval in a wider range of tasks, Roy et al. [13] employed two additional learning paradigms, contextual place preference and trace fear conditioning, and established that the dSub-MEC projection has a similar role in both of these paradigms. This convincingly establishes that the involvement of dSub in memory retrieval generalizes across a variety of aversive and appetitive tasks.
The subiculum, and in particular the ventral subiculum, has been shown to have a strong influence on the hypothalamic-pituitary-adrenal axis, mediating stress responses of the body [17] . The mammillary bodies, located ventrally to the hypothalamus, receive input from the hippocampal formation exclusively from the subiculum, and not from CA1 [15, 18] . By manipulating dSub terminals in the mammillary bodies during learning or retrieval, and measuring corticosterone levels in the blood following each phase, Roy et al. [13] were able to show that, not only the ventral, but also the dorsal subiculum is involved in the corticosterone mediated stress response of the body. Also, the subicular pathway to the mammillary bodies appears to only be involved in the stress response during memory retrieval and not during memory formation, mirroring the selective engagement in retrieval observed for the dSUB-MEC in context memory.
Area CA1 sends projections to cortex via two pathways: an indirect one via the subiculum, and a direct projection reaching layer 5 of entorhinal cortex. In the second step of their study, Roy et al. [13] used a different genetic mouse-line (TRPC4-Cre) to express light-driven ion pumps specifically in CA1 cells. Inhibiting the CA1 terminals in MEC diminished the animals' freezing response during the training, but not during the retrieval phase of contextual fear conditioning. This indicates that direct CA1-MEC signalling is important for memory encoding, but has little effect on memory retrieval (Figure 1, red arrow) . In contrast, when the authors inhibited specifically the CA1 synapses in the subiculum, the behavioural outcome was only altered when synaptic transmission was blocked during the retrieval phase, and not during Horizontal section illustrating the cytoarchitectonically defined subfields of the hippocampal formation (the dentate gyrus (DG), hippocampal fields CA3 and CA1 and the subiculum (S)) and of the parahippocampal region (the presubiculum (PRS), parasubiculum (PAS), and medial and lateral entorhinal cortex (MEC and LEC)). For memory acquisition the direct projection from CA1 to MEC layer 5 (red arrow) is crucially involved whereas for memory retrieval, the pathway from CA1 via subiculum (green arrows) into MEC is important. Scale bar, 100 mm. Dashed black lines indicate borders between subfields.
training. It therefore appears that the two output streams from the hippocampal formation, one from CA1 and the other via subiculum, form two subcircuits which respectively subserve processes involved in memory formation and retrieval (Figure 1) .
The new study [13] leaves a few points awaiting further clarification, however. First, besides MEC, dSub has strong projections to pre-and parasubiculum, retrosplenial cortex, and lateral entorhinal cortex [15] . To reveal the full picture of its function during memory formation and retrieval, it will be interesting to see the effect of optogenetic activation and inhibition of subicular terminals in further downstream targets. Second, Roy et al. [13] support their conclusions with retrograde labelling studies in which they perform parallel injections in MEC and subiculum. From these studies, they conclude that there are subpopulations of CA1 cells that exclusively project to subiculum or to MEC. This finding stands in contrast to previous evidence suggesting that the majority of CA1 cells send collateralized projections to many targets in the brain [19] . Data from axonal reconstructions of single CA1 pyramidal neurons indicate that all of the reconstructed neurons not only project to the subiculum but also distribute multiple collaterals to entorhinal cortex [20] . The distinctiveness of the direct and indirect pathways from CA1 to MEC will thus need further investigation since the retrograde labelling experiment provides little quantitative information. However, this particular issue does not affect the interpretation that two different subcircuits deal with memory formation and retrieval, either via the same or two distinct populations of CA1 cells.
Finally, it will be interesting to see in the future what computational functions the subiculum adds to the mnemonic representation of CA1 during recall. Roy et al. [13] show, using the immediate early gene cFos and in vivo calcium imaging, that activity in subiculum is enhanced during memory retrieval. While important as a first step, however, these experiments reveal less about the nature of those representations and how they might possibly be altered between the memory acquisition and retrieval phase. In particular, it remains to be determined whether, during acquisition, changes are induced in the subiculum, in the very cells that are activated during retrieval. The lack of effect on subsequent retrieval when the subiculum was inhibited during acquisition is somewhat surprising, as it may suggest that the retrieved memories are either not stored in subiculum at all, or that they are transferred there at a later stage during consolidation. To investigate these questions, a finer grained analysis, on a shorter timescale and possibly in a more flexible memory task would be necessary. Using such a task would offer additional insights into if and how the circuit may flexibly switch between memory acquisition and retrieval.
The hypothesis that distinct circuits in the hippocampus mediate distinguishable processes of memory encoding versus retrieval is both appealing and challenging, particularly given the questions it raises about the relationship between neurons involved in encoding and retrieval, and the fact that there are downstream regions that receive excitatory input exclusively from subiculum and not from CA1 [15] . Those regions, such as retrosplenial cortex, mammillary bodies and certain thalamic nuclei, might be involved in a circuit dealing predominantly with retrieving memories. Given the subiculum's involvement in stress regulation [17] , it is plausible that repeatedly retrieved memories could permanently alter the subiculum's output pattern, thus influencing the stress tolerance of the individual. The study by Roy et al. [13] opens up a whole array of interesting further investigations by providing evidence for a role of subiculum that is clearly complementary to that of CA1.
